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Introduction
In the last few decades, Al 2 O 3 has increasingly been used in high-speed cutting tools, dental implants, chemical and electrical insulators, to wear resistance parts and various coatings, due to its high hardness, chemical inertness and high electrical and thermal insulating properties [1] . However, the low fracture toughness of Al 2 O 3 remains a stumbling block for combined applications.
Known as a monolayer of carbon atoms arranged in a honeycomb lattice, graphene has shown properties similar to those of CNTs, with extraordinary thermal, mechanical, and electrical properties, and is a promising alternative of CNTs in various applications [2, 3] . Compared with CNTs, graphene also has larger specific surface areas and it does not form agglomerates in a matrix when handled appropriately, thus can be an ideal nano-filler for composite materials. In this regard, the low-cost, high-quality and commercially more viable a fewlayer-thick graphene nanosheets, designated as graphene nanoplatelets (GNPs), are more promising for practical engineering applications, thus attracted considerable research interests for advanced ceramic matrices. However, similar to ceramic-CNT nanocomposites, the main challenge in this area also lies in the homogenous dispersion of GNPs in the matrix because GNPs are strongly hydrophobic, which makes them difficult to achieve stable suspensions during the mixing process.
Recent studies have proven that graphene oxide (GO), with the hydrophilic oxidation groups on the graphene surface, can be readily dispersed in water to form stable colloidal suspensions, and it can be used to assist the dispersion of CNTs in an aqueous solution via non-covalent interactions without any surfactant agents and polymer dispersants [4, 5] . By changing the weight ratio between GO and CNTs, a hydrogel of GO/CNT can form, which originates from the strong π-π interactions. Such strong synergetic effects between the GO and CNTs could offer a new route to overcome the key challenge of CNT dispersion in ceramic-based composites. Earlier studies have mainly been focused on the bulk form synthesis of such GO-CNT (GONT) hybrid, for energy storage applications including lithium ion batteries [6] , supercapacitors [7] , and for water purifications [8] ; however, less attention has been focused on using such GONT hybrid reinforcement in composites. To date, only a few reports were documented on the application of GO and CNTs as a hybrid reinforcement into polymer matrixes [9] , and there is no report concerning the hightemperature ceramic matrixes which were even harder to manipulate for achieving uniform dispersion than polymers. In our previous study, we also applied a hybrid of CNTs and GNPs (GNTs) into an Al 2 O 3 matrix and achieved a significant improvement in terms of different mechanical properties [10] . In terms of mixing technique, only a few reports documented the sol-gel process for the carbon-based reinforcement for ceramic matrix composite fabrication. For example, Mo et al. [11] demonstrated the Al 2 O 3 -CNT nanocomposites using the sol-gel mixing followed by Spark Plasma Sintering and reported a very limited improvement in fracture toughness (Direct Crack Measurement method).
We herein will apply two new strategies to fabricate Al 2 O 3 -based nanocomposites. First, the GONT hybrid reinforcement (a blend of GO and CNTs) will be applied, instead of GNT, into the Al 2 O 3 , and the structural features of the GO in the composite before and after hot-press sintering will be studied. Various GO/CNT ratios are applied in the Al 2 O 3 matrix and the mechanical properties of the resulting nanocomposites are investigated. The second strategy is to use two different types of Al 2 O 3 starting materials, the AlOOH (boehmite) and γ-Al 2 O 3 , via a sol-gel and a powder mixing process, respectively. Finally, the influence of sol-gel and powder processing on grain size and mechanical properties of the nanocomposites, and the Al 2 O 3 phase transformation path changes during the hotpress (HP) sintering, is studied.
Experimental Starting materials
The CNTs having an average diameter of 40 nm were used in this study (provided by Tsinghua University, China). Graphite flakes, purchased from Sigma-Aldrich, UK, were used to prepare the graphene oxide (GO) by following the Hummers method [12] . Aqueous GO suspension (2 mg/ml) was probe sonicated for 10 min to obtain a highly dispersed GO suspension. High-purity dispersible AlOOH (boehmite) was kindly provided by Sasol, Germany. Sodium dodecyl sulphate surfactant was purchased from Sigma-Aldrich, UK, to assist the dispersion of CNTs in this research.
Mixing technique
Two different mixing strategies were utilised. The first was powder processing, in which the γ-Al 2 O 3 nanoparticles prepared from thermal annealing of the AlOOH nanopowder at 1,000°C for 5 h were used for the composite nanopowder preparation. In detail, a pre-prepared Al 2 O 3 suspension was mixed with GO and CNT suspensions with the unique environmental friendly wet-mixing technique assisted by a probe sonication as discussed previously [13] . After drying at 120°C using a hot plate, the mixture was ground into loose Al 2 O 3 -GONT powders, for subsequent sintering. The second was the sol-gel mixing in which the as-received AlOOH nanopowder directly formed a stable sol in water, and after mixing with the carbon materials, a gel was formed for subsequent applications. Typically, the preprepared GO and CNT suspensions were first mixed together under 5-min sonication to obtain a welldispersed GONT suspension. Then, the previously prepared AlOOH sol was mixed with the GONT suspension under another 5-min probe sonication. The mixture was dried at 120°C and the dried gel was ground and used for the synthesis of the nanocomposites. In both mixing processes, 25 g of composite powders was prepared in one batch.
To obtain the optimum fabrication conditions to achieve good density and mechanical properties, different amounts of GO and CNTs were added into the Al 2 O 3 matrix. In the sample ID section in Table 1 , SP represents the standard powder processing and SS stands for the sol-gel method. Each sample has an X-Y index, where X represents the GO wt% and Y represents the CNT wt%. All samples were HP sintered at 1,650°C, under Ar atmosphere with 1-h dwelling time. As in the sol-gel process, it is expected to have better second-phase dispersion, thus higher GONT content (SS [2] [3] [4] ) was added as an extra set of experiment.
Sample SS 2-0 (AlOOH + 2 wt% GO + 0 wt% CNT composite) was prepared for Raman analysis to investigate the GO structure configurations before and after the sintering process. Archimedes method was employed to measure the densities of the sintered composites and the relative densities were calculated by dividing the apparent density by the theoretical density. 
HP sintering
A hot-press furnace (HP W 25; FCT System, Germany) located at the University of Exeter was used in this study. In a typical sintering process, 25 g of the pre-mixed Al 2 O 3 -GONT powders was poured into the cavity of the graphite die. After assembling into the furnace, an external pressure of 40 MPa was applied to both ends of the die using graphite plungers, and the temperature was increased to 1,650°C at a heating rate of 10°C/min and held for 60 min under Ar atmosphere. Samples of 51 (length) × 51 (breadth) × 2.4 (thickness) mm were obtained after sintering.
Characterizations and mechanical properties
The sintered samples were ground using diamond pads down to 220 grit followed by fine grinding down to 9 μm and then polished on cloths using 6 μm and 1 μm DP-Suspensions. The structure configurations of GO before and after HP in the composite were investigated by Raman spectroscopy.
To reveal the grain boundaries for grain size estimation using the scanning electron microscope (SEM), the pre-polished samples were thermally etched for 15 min at 1,400°C under Ar atmosphere in a tube furnace. Fractured and thermally etched surfaces were then gold coated and observed in SEM (Hitachi S3200N) and the grain sizes were measured using ImageJ. For each sample, five SEM images (same magnification) from different locations were used to measure the grain size and take the average. Vickers hardness testing was performed using a 5-kg load for 15 s, and an average of five equally spaced indents was recorded for each sample. The flexural strength (σ f ) was measured using the three-point bending technique, and the size of specimens was 20 mm (length) × 2 mm (breadth) × 2.2 mm (height). The bending span and the loading speed for the flexural strength testing were 16 mm and 0.5 mm/min, respectively. At least four bars were tested for each sample. The fracture toughness (K IC ) was evaluated using the single-edge-notched beam method. Four-edge-notched specimens with identical dimensions of 14 mm (length) × 2.6 ± 0.20 mm (breadth) × 2.2 ± 0.15 mm (height) were prepared for each test using a diamond blade. The ratio of the notch depth to the specimen height (a/W) was 0.45-0.55, according to the ASTM standard (ASTM C1421-99) [14] . Three-point bending test was carried out using a bending span of 8 mm and a loading speed of 0.01 mm/min, to achieve slow crack propagation.
The fracture toughness values were calculated using the maximum force, evaluated from the forcedeflection curve, and the specimen dimension was calculated using the following equation:
where Y is the minimum of geometrical compliance function, and B and W are the width and height of specimens, respectively.
Results
Raman Figure 1 shows the Raman spectra of SS 2-0 (Al 2 O 3 -2 wt% GO) powder (prior to sintering) and nanocomposite (after HP sintering), which shows the structural changes of the GO before and after the sintering process. Typically, two main bands are observed, i.e. the G band assigned to the scattering of the E 2g phonon from sp 2 carbon (graphite lattice) and the D band resulting from the structural imperfections. As shown in Figure 1 , the G peak positions for SS 2-0 powder and nanocomposite are 1,582 cm −1 and 1,587 cm −1 , respectively, and the D position also shifted from 1,339 cm −1 in SS 2-0 powder to 1,346 cm −1 in nanocomposite. Additionally, the intensity ratio of D to G peak I D /I G is 0.88 and 1.4 in the SS 2-0 powder and nanocomposite, respectively. The increase of the I D /I G ratio after reduction is commonly found in GO chemical reduction studies [15] [16] [17] . It indicates that the GO in the SS 2-0 powder sample was reduced during the HP process and transferred to reduced GO (rGO) phases in the nanocomposite.The increment in I D /I G ratio after the reduction can be attributed to the decrease in the average size of the sp 2 domains upon reduction of the GO, in which new graphitic domains were created that have smaller sizes than the ones present in GO before the reduction, but are larger in quantities. This change leads to large quantities of structural defects [18] . Another possible reason is the increased fraction of graphene edges, which could also contribute to the increase in the I D /I G ratio [19] .
Microstructural features and grain size
The thermally etched surfaces of the Al 2 O 3 -rGONT nanocomposites prepared by powder processing with various GO/CNT ratios are shown in Figure 2a By comparing the hybrid reinforced composites (SP 0.5-0.5 and SP 1-1 ) with the single-phase reinforced composite (SP 0.5-0 ), we have found that the CNTs play an important role in the grain size retardation for both SP 0.5-0.5 and SP 1-1 . For example, the grain size was reduced in SP 0.5-0.5 and SP 1-1 by up to 35.5% and 38%, compared with SP 0-0 , respectively. However, there is almost no grain reduction effect in SP 0.5-0 compared with SP 0-0 , whilst a slight increment in grain size was observed ( Figure 2b) . As all the samples were produced by powder processing, we believe that the different grain sizes are attributed to a different grain-growth retardation mechanism, originating from the dimensionalities of the rGO itself and the hybrid rGONTs reinforcements, which will be further discussed later associated with Figure 7 .
To investigate the effects of processing method or initial Al 2 O 3 phase on the microstructure of the Al 2 O 3 -rGONT composites, the thermally etched surfaces of SP 1-1 and SS 1-1 are presented in Figure  3a -d, and the grain size values of the same samples are presented in Figure 3e . As shown in Figure 3 , there is a much larger difference in the composites than in the pure matrix samples although both have the same rGONT contents. Sample SS 1-1 showed a 62% grain size reduction compared with sample SP 1-1 (Figure 3e) . Therefore, the sol-gel method exhibited an even stronger grain refinement effect than the powder processing. As the initial sol-gel process resulted in grain-growth retardation and excellent rGONT distributions in sample SS 1-1 , further Al 2 O 3 -rGONT nanocomposites with various GO/CNT contents were prepared using this technique, to optimize the GO/CNT contents in the matrix. As shown in Figures 3e and 4 , whilst sample SS 1-1 exhibited a remarkable reduction in the grain size, reduced from 5.5 μm to 1.5 μm which is equivalent to a 74% reduction against SS 0-0 , samples SS 1-2 and SS 2-4 , being very close to SS 1-1 , showed small increments. Meanwhile, the fractured surfaces of both SS 1-1 and SS 1-2 ( Figure 4d and 4f) showed highly dispersed rGONTs in the Al 2 O 3 matrix, with a mixture of the inter-and trans-granular fracture mode. This result again indicates very good grain boundary strengths for these composites, in contrast with SS 0-0 which showed mostly the transgranular fracture mode (Figure 4b ). At a high GO/CNT content in SS 2-4 , severe agglomerations did occur (white circles), due to difficulties in dispersing the GONTs uniformly at that high content. Therefore, the effective dispersion sites at this high content may not be higher than that of SS 1-1 , and as a result, slight grain size increments were observed. Based on these results, SS 1-1 seems to have the better microstructural characteristics than other hybrid combinations for the nanocomposites.
Mechanical properties of Al 2 O 3 -rGONT nanocomposites Hardness
The hardness results are summarised in Figure 5 , for SP samples (Figure 5a ), SP against SS samples (Figure 5b) , and the SS samples (Figure 5c ), separately. SP 0.5-0.5 and SP 1-1 in Figure 5a have shown The grain size was measured using these samples.
slight improvements in the hardness against the pure Al 2 O 3 . The hardness improved up to 6% from 16 GPa in SP 0-0 to 16.93 GPa in SP 1-1 . Having compared the hardness results with the grain sizes, we realise that there is a direct relationship between the improved hardness and grain size refinements in the Al 2 O 3 -rGONT nanocomposites. For instance, the slight improvements of SP 0.5-0.5 and SP 1-1 are in consistent with grain refinement results in these nanocomposites, as shown in Figure 3 . In Figure  5b , the hardness improved up to 13% from 16.93 GPa in SP 1-1 (3.8 μm) to 18.67 GPa in the SS 1-1 (1.5 μm). These results are in accordance with the stronger grain-growth retardation in the sol-gel process for SS 1-1 than the standard wet-mixing process for SP 1-1 ( Figure 4) . Therefore, this is a direct evidence that the sol-gel process helped to improve the reinforcement phase dispersion, refined the grain sizes in the microstructures, and thus increased the mechanical properties of the Al 2 O 3 -rGONT nanocomposites.
The relationship between hardness and grain size can be accounted for according to the classical grain boundary strengthening theory [20, 21] . Grain boundaries act as pinning points impeding dislocation movement across grains. Impeding such dislocation movement hinders the onset of plasticity and makes fine-grained materials stronger and harder. The linear relationship between hardness and inverse of grain size is known as Hall-Petch relation, which has recently been extended to the brittle material regime [22, 23] .
Regarding ceramic matrix composites, the condition of reinforcement phase including its hardness, content, orientation, and dispersion will all affect the hardness of the composite. For example, in the Vickers hardness graphs of the Al 2 O 3 -rGONT nanocomposites with various GONT contents prepared by the sol-gel technique (Figure 5c ), the hardness value showed considerable drops in SS 1-2 and SS 2-4 by 6% and 18%, respectively, compared with SS 1-1 . This is due to the soft nature of rGONT reinforcement and their locations in the grain boundaries. The presence of a relatively soft phase rGONT at the grain boundaries of Al 2 O 3 eases the penetration of diamond indenter during indentations. This effect is more dominant in the higher rGONT composites (SS 1-2 and SS 2-4 ) than in the lower content rGONTs, as agglomerates are more likely to occur at grain boundaries which nullifies the effect of fine alumina grains and reduces the hardness (Figure 5c ). Therefore, SS 1-1 having better rGONT dispersions than those of SS 1-2 and SS 2-4 showed a maximum hardness value of 18.67 GPa.
Fracture toughness and flexural strength Figure 6a shows the fracture toughness and flexural strengths of samples SP 0.5-0.5 and SP 1-1 . The fracture toughness and flexural strength reached 5.4 MPa.m 1/2 and 370 MPa in SP 1-1 , demonstrating a 54% and 3% improvement against the pure Al 2 O 3 , respectively, which is in consistent with the hardness improvement for the composites (Figure 5a ).
When comparing identical samples obtained via different processing (e.g. SP 1-1 vs. SS 1-1 as shown in Figure 6b ), sample SS 1-1 showed a further improvement in the fracture toughness by up to 70%, benchmarked against SS 0-0 , and up to 14% against SP 1-1 . The same trend happened in the flexural strength of SS 1-1 , with 14% and 13% increments against SS 0-0 and SP 1-1 , respectively. With the remarkable grain size refinement ( Figure 3 ) and hardness improvement (Figure 5b ) of SS 1-1 , such improvements in fracture toughness and flexural strength were completely expected for SS 1-1 . The existence of highly dispersed GONTs in the AlOOH gel allowed for heterogonous nucleation sites in the SS 1-1 , which affected the phase transformation temperature of Al 2 O 3 , refined the grains in the matrix and led to improvement in the mechanical properties. However, the role of rGONT reinforcement and their synergetic effect in all of these should not be neglected even for composites prepared by powder processing. The SP 1-1 nanocomposite produced with the powder method also showed considerable improvements in the hardness, fracture toughness, and flexural strength, than the SP 0-0 (Figures 5a and 6a) . Therefore, both the hybrid rGONT reinforcement and the sol-gel strategies resulted in largely improved mechanical properties. A comparison of the mechanical property between the previously reported composites reinforced by GNT [10] and the present rGONT is presented in Figure 6d . The fracture toughness and flexural strength of SS 1-1 have 70% and 14% improvements than SS 0-0 , respectively, which even marginally outperformed the previously reported optimised Al 2 O 3 -GNT nanocomposite (S 0.5-1 ) by 8% and 2%, respectively (Figure 6d ). These improvements further confirmed the success of the strategy of applying the cheaper rGONT hybrid as reinforcement in the composite fabrication. Due to the synergetic interaction between the GO and CNTs, a better dispersion in the AlOOH matrix leads to enhanced grain refinements, which are the key to achieve improved mechanical properties in CMCs. Meanwhile, the spontaneous mixing, GO reduction and AlOOH conversion all-in-one during sintering will lead to significant savings in energy and processing time.
Discussion
Grain retardation mechanism in Al 2 O 3 -rGONT nanocomposites prepared by powder processing Fractured surfaces of Al 2 O 3 -rGONT nanocomposites prepared by powder processing are presented in Figure 7 . As can be seen from the fractured surface of SP 0.5-0 (Figure 7b ), some individual rGO flakes are found embedded inside the grains, but on the fractured surface of SP 0.5-0.5 (Figure 7c ), some CNT bundles are located within the grain boundaries and form a strongly entangled network around the grains. These CNTs pinned the grains and reduced atomic diffusion coefficient, hence constrained the grain growth. Moreover, due to the synergetic effect and π-π interactions between GO and CNT, rGO flakes contributed to the grain refinement via the CNTs, by preventing the agglomeration of CNT bundles, so that individual CNT may end up with rolling around the grain boundaries during growth (Figure 7c) . Therefore, the grain refinement being more effective in SP 0.5-0.5 and SP 1-1 , compared with SP 0.5-0 as shown in Figure 2 , confirms the success of the hybrid rGONT strategy.
Phase transformation in Al 2 O 3 powder and sintering profiles of SP 1-1 and SS As shown in Figure 3c and 3d, there is a 62% grain retardation on the thermally etched surface of SS 1-1 compared with SP 1-1 . As the initial GONT contents are identical in both samples, such grain refinement is due to the effect of sol-gel process in SS 1-1 , which led to better GONT dispersion in the AlOOH matrix SS 1-1 than that in sample SP 1-1 , and stopped the grain growth. However, such grain retardation may not be solely due to the pining effect of rGONTs in the final microstructures of SS 1-1 . The existence of GONTs in the AlOOH matrix may have probably affected the kinetics of the phase transformation behaviour from AlOOH to Al 2 O 3 , as well as its sintering behaviour.
It is well known that pure Al(OH) 3 dry gel undergoes the following phase transformations during heating [24] : O   3  2 3  2 3  2 3  2 3 Upon heating, γ-Al 2 O 3 undergoes series of polymorphic change before reaching the stable corundum structured α-Al 2 O 3 form. The γ→δ and δ→θ transformations are displacive with relatively low Figure 9 shows the sintering profiles of SP 1-1 and SS 1-1 . The black and blue graphs are related to the speed of piston travel or volume shrinkage rate in SP 1-1 and SS 1-1 , respectively, while the red graph shows the heating regime during the sintering process. The shrinkage rate profiles in both SP 1-1 and SS 1-1 show two peaks. The first peak is attributed to the phase transformation of Al 2 O 3 from θ→α phase. As mentioned earlier, in contrast to other polymorphic changes in Al 2 O 3 during heating up, the θ→α transformation is a reconstructive form and it caused changes in volume or piston travel speed. The second peak is related to the sintering process which occurred during the dwelling period.
A very interesting phenomenon is that the θ→α transformation in activation energy needed for this phase change; meanwhile, it limits the grain growth during the transformation stage.
As the AlOOH was used in the SS 1-1 , the existence of highly dispersive rGONTs may have acted as heterogeneous nucleation sites by seeding AlOOH on their surfaces, reduced the activation energy for θ→α phase transformation, and lowered the transformation temperature, thus refined the grains. Such reduction in activation energy was reported previously by using AlOOH gels seeded by α-Al 2 O 3 for producing fine-grained Al 2 O 3 [25] . The width of the shrinkage rate peaks is also reduced in SS 1-1 compared with SP 1-1 , which indicates a faster θ→α transformation and sintering process in the SS 1-1 .
In this context, we deduce that the various oxide groups on the GO surfaces may have also contributed to the reduction of the activation energy for the phase transformation, because during the heating process, the release of these groups (for the formation of rGO) from the hybrid reinforcement phase and the Al 2 O 3 matrix phase formation occurred spontaneously.
Toughening mechanisms in Al 2 O 3 -rGONT nanocomposites
The SEM image of a fractured surface of SS 1-1 in Figure 10a shows a mixture of inter-granular and trans-granular fracture mode, indicating good strength in grain boundaries. A higher magnification image from SS 1-1 ( Figure 10b ) shows that the rGONT preferred locations are not in the grain boundaries only. The rGONTs are highly dispersed and embedded within the Al 2 O 3 matrix (white arrows), causing smooth glaze-like trans-granular fractures in areas.
Embedded CNTs between the grains in Figure 10c and 10d appeared to have pinned the Al 2 O 3 grains together and strengthened the grain boundaries, leading to the changed fracture mode from intergranular to trans-granular in the nanocomposites. Additionally, the existence of rGONTs at the grain boundaries formed a strong entangled network around the grains, which constrained the grain growth and modified the microstructure, as shown in Figure 3 .
During the crack propagation, large pulled-out rGO flakes form the matrix (Figure 10e and 10f) , which must have absorbed a considerable amount of energy during the fracture process, hence improved the toughness. However, the interesting anchoring, which is specifically applicable to 2D flexible structure, can be seen in Figure 10h . In such anchoring, the rGO could form large areas of interface with the matrix, leading to increased interfacial frictions during the reinforcement pulling out. This anchoring mechanism was similar to the Al 2 O 3 -GNP nanocomposites [10] . Nanoscale toughening mechanisms such as plastic buckling [26] might exist in the nanocomposites due to the existence of CNTs, which needs further High Resolution TEM studies to provide direct evidence.
Well-dispersed CNTs played an important role in the toughening by pull-outs ( Figure 10f ) and via bridging the grains (Figure 10g ), due to their higher aspect ratios than rGO. But CNT bundles located within the grain boundaries are more dominant in pining the grains and in the grain size reduction, as discussed earlier (CNT bundles are circled in Figure 10d and 10e).
Conclusion
In this article, Al 2 O 3 -rGONT nanocomposites were prepared using GONTs as the hybrid reinforcements (a blend of GO and CNT), via two different mixing techniques (powder processing and sol-gel processing). The microstructural features and mechanical properties of the resulting composites have been compared against each technique and also benchmarked against the previously prepared Al 2 O 3 -GNT nanocomposites using GNT as the starting materials. SEM image analyses from thermally etched surfaces have showed that there is a remarkable 62% grain size reduction in the SS 1-1 , compared with SP 1-1 . The AlOOH used in the sol-gel process went through phase transformations during sintering to form the final stable α-Al 2 O 3 phase in the composites. The rGONT reinforcements are believed to act as heterogeneous nucleation sites to reduce the activation energy and temperature required for the phase transformations, promoting the grain size refinements of the Al 2 O 3 . Meanwhile, the hardness, fracture toughness, and flexural strength of SS 1-1 are increased by 13%, 70%, and 14%, respectively, against the pure Al 2 O 3 . Finally, the SS 1-1 composite even showed 8% improvement in the fracture toughness than the best Al 2 O 3 -GNT nanocomposites we previously reported using 0.5% CNT and 1% GNP directly as the hybrid, which demonstrates the advantages of the hybrid rGONT reinforcements and its combination with sol-gel process over other mixing techniques. The new strategy that allows for a simple and effective GONT-AlOOH mixing and spontaneous GO reduction in the final Al 2 O 3 conversion will lead to savings in processing energy and time. 
